Abstract
Abstract

23
Enterococci are naturally tolerant to typically bactericidal cell-wall active antibiotics, meaning 24 that their growth is inhibited but they are not killed even when exposed to high concentration 25 of the drug. The molecular reasons of this extraordinary tolerance are still incompletely 26 understood. Previous work showed that resistance to killing collapsed specifically in mutants 27 aminoglycoside with the risk of acute renal failure due to nephrotoxicity of the latter 56 antibiotics (1-3). Enterococci, which are lactic acid bacteria and part of the human 57 commensal flora, are naturally highly tolerant to antibiotics considered as bactericidal such as 58 penicillins and glycopeptides (4, 5). The mechanisms that allow these organisms to escape the 59 lethal action of these drugs are still incompletely understood. Based on previous studies it was 60 suggested that tolerance might be due to alterations in bacterial autolysis because killing of 61 non-tolerant bacteria was often accompanied with massive cell lysis (10). However, penicillin 62 has been shown to kill pathogens like Streptococcus pyogenes and Enterococcus hirae 63 efficiently without inducing a significant lysis of the cells (6-8). Furthermore, suppression of 64 autolysis in Streptococcus pneumoniae and Staphylococcus aureus had no significant effect 65 on killing by penicillin (9-13). These data collectively indicated that a decrease in the 66 autolytic activity could not fully explain tolerance to bactericidal antibiotics for all 67 drug/pathogen combinations. 68
Characterization of tolerant strains of Streptococcus gordonii that were obtained by cyclic 69 exposure to 500 times the Minimal Inhibition Concentration (MIC) of penicillin showed that 70 two proteins belonging to the arc operon were upregulated in these derivatives (14) . The arc 71 operon encodes activities for arginine catabolism. In this pathway arginine is first deiminated 72 by arginine deiminase (ADI) encoded by arcA. The arginine degradation pathway is therefore 73 also called ADI pathway. The citrulline formed in the first reaction is then cleaved by 74 phosphorylysis into ornithine and carbamoylphosphate catalyzed by ornithine carbamoyl-75 transferase encoded by arcB. Finally, the high energy compound carbamoylphosphate is 76 
Materials and Methods
114
Bacterial strains, plasmids and growth conditions. Strains, plasmids, and oligonucteotides 115 used in this study are listed in Table 1 and Table S1 . Cultures of E. faecalis and E. faecium 116 strains were grown in M17 medium (18) supplemented with 0.5% (w/v) glucose (GM17) or in 117 brain heart infusion (BHI). For experiments with specific carbon sources, we used the ccM17 118 MOPS medium prepared as previously reported (19) (see below) and supplemented with 119 glucose 0.5% (w/v) or with lactose, galactose, fructose, mannitol, ribose or glycerol at a final 120 concentration equimolar to glucose (28 mM). Experiments were performed under aerobic 121 conditions in 100 ml Erlenmeyer flasks containing 10 ml medium and the cultures were 122 incubated at 37°C with gentle agitation (60 rpm) on a rotary shaker. When indicated, catalase 123 from bovine liver (900,000 U/ml; Sigma) was added to the medium at a final concentration of 124 500 U/ml. The growth kinetics of E. faecalis cultures were followed both by measurement of 125 optical density at 600 nm (OD 600 ) with a Biophotometer (Eppendorf, Hamburg, Germany) and 126 7 by viable counts of colony forming unit (cfu) on agar plates. When necessary, the media were 127 supplemented with 150 µg/ml erythromycin, 10 µg/ml chloramphenicol or 300 µg/ml 128 gentamicin. Escherichia coli strains were cultivated at 37°C in Luria-Bertani (LB) broth (20) 129 with vigorous shaking (160 rpm). When needed, 100 µg/ml of ampicillin or 13 µg/ml of 130 tetracycline was added to the medium. Bacterial stocks were stored at −80°C in GM17 or LB 131 broth supplemented with glycerol at a final concentration of 15% (v/v). JH2-2 and its ∆sodA derivative mutant using the suicide vector pUCB30 (21) ( Table 1) . 157
Briefly, an internal DNA fragment of 605 bp of arcA gene (ef0104) was amplified by PCR 158 with specific primers 104ForPst/104RevEco (Table S1 ), digested by EcoRI and PstI and 159 ligated into the integrative vector pUCB30 previously treated with the same enzymes. The 160 ligation product was electroporated into E. coli Top10F' cells ( Table 1 ). The subsequent 161 recombinant plasmid (pUCB30:arcA) ( Table 1) Analysis of fermentation products. Glucose, lactate, formate and acetate concentrations 213 were determined using high-performance liquid chromatography (HPLC). The filtrates 214 resulting from supernatants of 24 h cultures were injected (25 µL) in a Phenomenex PHM-215 monosaccharide column maintained at 65°C. The mobile phase, 5 mM H2SO4, flow rate was 216 0.5 ml/min. A refractometer detector was used and the signal was analyzed through the Jasco-217
Borwin software (JMBS Developments, France). The obtained HPLC profiles from the 24 h 218 culture filtrates were compared to the control ccM17MOPS medium containing only the 219 specific carbon sources. The concentrations and the peak areas of the carbohydrate substrate 220 and its derivative fermentation products were measured relatively to their corresponding 221 standards. 222
RNA isolation and quantitative reverse transcriptase PCR (RT-qPCR). To comparatively 223
analyze gene expression, we used the E. faecalis OG1RF ∆sodA strain and its derivative 224 mutants C49, C50, and C56 cultivated on GM17 medium with gentle shaking. Using the 225 Direct-Zol TM RNA MiniPrep Kit (ZymoRecherch), three independent samples of total RNA 226 were isolated from each strain. For RT-qPCR, specific primers were designed (Table S1 ) 227 using the E. faecalis OG1RF genome sequence and Primer3 software 228 (http://frodo.wi.mit.edu/primer3/) to produce amplicons of equivalent length of 100 bp. 2 µg 229 of total RNA were reverse-transcribed with random hexamer primers and the QuantiTect 230 enzyme (Qiagen, Courtaboeuf, France). Quantification of gyrA (encoding the A subunit of 231 DNA gyrase) mRNA provided internal control. Amplification (using 5 µl of a 1:100 cDNA 232 dilution), detection (with automatic calculation of the threshold value), and real-time analysis 233
were performed twice for each cDNA sample using the iCycleriQ Detection System (Bio-Rad 234 Laboratories, Marnes la Coquette, France). Relative mRNA levels for each gene in each 235 sample were calculated using comparative cycle time, as described elsewhere (23). 236
Statistics. Differences in killing among strains by bactericidal antibiotics and gene expression 237
were calculated using the Student's t-test. P values of less than 0.05 were considered to be 238 significant. 239
240
Results
241
Loss of tolerance to vancomycin or penicillin of Sod-deficient strains is dependent on 242 active cell metabolism. In a previous study, we showed that Sod is the basis of tolerance to 243 bactericidal antibiotics in pathogenic enterococci (4, 5). We proposed therefore that cell-wall 244 active bactericidal antibiotics induced a superoxide burst responsible for the killing of ∆sodA 245 mutants, in which the detoxification of O 2 -.
could not be performed. However, the exact 246 molecular mechanisms explaining how these drugs induce O 2 -.
formation are still unknown. 247 We also showed that this putative production of O 2 -. is dependent on the primary action of 248 these antibiotics (4, 5) and that no killing occurred under anaerobic conditions (4). We 249 . This concept predicts that, during treatment with a bactericidal 251 antibiotic, cells should still be metabolically active. We first studied the effect on OD 600 252 during treatment of the E.faecalis JH2-2 wild-type strain and its isogenic ∆sodA mutant when 253 vancomycin was added to a final concentration of 20xMIC to cultures at OD 600 of 0.5 which 254 correspond to the beginning of the exponential phase. After 24 hours this value was nearly 255 unchanged (OD 600 ≈ 0.6) and comparable for the two strains. 256
To test the metabolic activity of the cells after 24 hours of vancomycin treatment, we 257 performed HPLC analyses to determine the concentrations of the substrate and final end 258 products of fermentation ( Figure 1A and B) . This showed that glucose, used as a substrate in 259 these experiments, was completely consumed by wild-type cultures and peaks corresponding 260 to the end products lactate, formate and acetate could be identified. The result obtained with 261 the ∆sodA mutant was different only in that the substrate glucose was only partially consumed 262 (44%). However, since the ∆sodA mutant exhibited a decrease in survival of nearly 4 log 10 263 whereas 80% of the wild-type cells survived ( Figure 1C Enterococci harbor the three major pathways of carbohydrate catabolism (16), the Embden-280
Meyerhof-Parnas (glycolysis), the Entner-Doudoroff (KDPG), and the pentose phosphate 281 pathways ( Figure 2B ). The first two pathways are restricted to hexoses whereas the pentose 282 pathway ferments hexoses and pentoses. First, we tested different hexoses like glucose, 283 galactose and fructose but also mannitol and the disaccharide lactose (data not shown). With 284 all these substrates significant killing of the ∆sodA mutant by vancomycin (600 to 3000 fold 285 more sensitive as the parent strain) was observed (Figure 2A) . Similar results using glucose as 286 the substrate have been obtained with penicillin ( Figure S2) . Notably, for the majority of these 287 sugars, the Sod-deficient strain exhibited a slight growth retardation compared to the wild-288 type parent ( Figure S3 ). This difference in growth was most pronounced in the case of 289 galactose as the substrate, probably due to the generation of H 2 O 2 when E. faecalis is 290 aerobically grown on this energy source (19). Then we tried the hexose gluconate as the 291 energy source but neither JH2-2 nor OG1RF strain grew significantly on this substrate. A 292 similar result has been published for the E. faecalis strain V583 (24). In the next step we 293 tested the pentose ribose which is metabolized through the pentose phosphate pathway 294 ( Figure 2B ). On this sugar as well, growth of the ∆sodA mutant was slightly slower than that 295 of the JH2-2 wild-type ( Figure S3 ). Interestingly, compared to hexoses, the use of ribose as a 296 substrate during the antibiotic treatment reduced killing of the ∆sodA mutant by two orders of 297 magnitude (Figure 2A ). Comparable results have been obtained with E. faecium Com12 wild-298 type strain and its ∆sodA mutant using glucose and ribose as substrates ( Figure S4 during growth of E. faecalis JH2-2 wild-type strain leading to a growth inhibition, which 315 became even more pronounced in mutants affected in peroxidases (19). Since ∆sodA mutants 316 are more sensitive to externally added H 2 O 2 (27-29) it could not be excluded that the JH2-2 317 ∆sodA mutant was affected in its growth on glycerol due to the intracellular generation of 318 H 2 O 2 during catabolism of this substrate and we tested this experimentally. While the wild-319 type JH2-2 strain grew to a final OD 600 of 3.5, the isogenic ∆sodA mutant entered stationary 320 phase early after start of growth and reached a final OD 600 of only 0.4 ( Figure S3 ). This 321 growth inhibition was due to the accumulation of H 2 O 2 since addition of active (but not of 322 heat-inactivated) bovine catalase to the growth medium lifted this growth inhibition (Figure  323   S3 ). In the presence of catalase, growth of the ∆sodA mutant was comparable to that of the 324 on July 12, 2017 by guest http://jb.asm.org/ Downloaded from JH2-2 parental strain. Since we showed that ∆sodA mutant was not killed by vancomycin in 325 the absence of a carbohydrate source (which led to a lack of growth, see above) it could not be 326 excluded that the survival of this strain when glycerol was used as a carbon source during 327 antibiotic treatment was due to the absence of significant growth and hence a reduced 328 metabolic activity of the ∆sodA mutant. Therefore, we determined killing of the ∆sodA mutant 329 with concomitant presence of glycerol and catalase during vancomycin treatment. We showed 330 previously that addition of catalase did not affect killing of the JH2-2 ∆sodA mutant in M17 331 medium containing 0.5% glucose (Bizzini et al.) . However, in the presence of glycerol and 332 catalase the SodA-deficient strain survived vancomycin exposure as well as the isogenic 333 parent strain (Figure 2A) . Therefore, the slow growth phenotype was not the reason of the 334 absence of killing when glycerol was used as energy source. 335
The combined results presented hitherto strongly suggest that the degree of loss of tolerance 336 of the ∆sodA mutant is dependent on the catabolic pathway used to metabolize an energy 337 source. Presence of substrates during the antibiotic treatment entering glycolysis led to high 338 killing of ∆sodA mutant. Killing was significantly reduced when ribose which is metabolized 339 through the pentose phosphate pathway was the substrate. Finally, in the presence of glycerol 340 the ∆sodA mutant was as tolerant as the wild type to exposure to 20xMIC of vancomycin. 341
Since glycerol enters into the lower part of glycolysis and no killing of the ∆sodA mutant was 342 observed with this substrate, we speculated that reactions present in the upper part of 343 glycolysis should be responsible for the increased killing of the ∆sodA mutant. This would 344 also explain the residual killing observed with ribose as the substrate. The pentose phosphate 345 pathway is connected to the upper and lower part of the glycolytic pathway through fructose-346 6-phosphate and glyceraldehyde-3-phosphate metabolites that are formed by transketolase and 347 transaldolase reactions ( Figure 2B ). To verify this assumption, we tried to construct a mutant 348 defective in the upper part of glycolysis. We choose to inactivate the pgi gene encoding 349 on July 12, 2017 by guest http://jb.asm.org/ Downloaded from glucose-6-phosphate isomerase catalyzing isomerization of glucose-6-phosphate (glu-6-P) to 350 fructose-6-phosphate. We predicted that in the presence of glucose, the glu-6-P formed will 351 enter the pentose phosphate pathway in this mutant ( Figure 2B ). The required enzymes as 352 well as genes encoding these activities, Glu-6-P dehydrogenase and Gluconate-6-P 353 dehydrogenase, are present in E. faecalis (30). However, all attempts to obtain this mutant 354 failed suggesting that the upper part of glycolysis is essential in E. faecalis. In agreement with 355 this conclusion is the finding that in the lactic acid bacterium Lactococcus lactis a twofold 356 reduction of phosphofructokinase activity strongly decreased growth rate (31). glycine/betaine ABC transporter (ef3065) and a deformylase (ef3066). Since nine out of ten 388 clones appear to be related with the regulation of arginine metabolism, we further focused our 389 study on these transposon mutants. 390
As mentioned above, in the majority of clones the transposon had integrated between two 391
ArgR family regulators (ef0102 and ef0103). Directly downstream of this region, genes 392 related to arginine catabolism are present in E. faecalis JH2-2. These genes encode arginine 393 deiminase (arcA; ef0104), an ornithine carbamoyltransferase (arcF-1; ef0105) and a 394 carbamate kinase (arcC-1; ef0106). These three genes seem to be in an operon structure with 395 two other genes encoding a putative Crp/Fnr transcriptional regulator (arcR; ef0107) and a 396 putative ornithine-arginine antiporter (arcD; ef0108) ( Figure S5 ArgR regulator showed that it was also induced in this Tn mutant, albeit to a lesser extent (4 405 fold) than ef0102. Furthermore, genes of the ADI operon were highly induced (between 8 to 406 23 fold) in clone 50 (Table 2) . In clone 56, the transposon had integrated 35 bp upstream of 407 ef0103. The RT-qPCR experiments revealed that, in comparison to the ∆sodA mutant, ef0103 408 expression was strongly repressed but expression of ef0102 was induced around 8 fold in this 409
clone. However, also in this Tn mutant, the ADI operon was highly induced (between 12 to 16 410 fold). This strongly suggests that induced expression of the ADI operon in the Tn mutants is 411 due to induction of gene ef0102 whose product acts as a transcriptional activator ( Figure S5) . 412
In the case of clone 49 of group II, the transposon had integrated 1 bp upstream of gene 413 ef0676 which encodes a putative ArgR repressor. This integration provoked a very strong 414 repression (125 fold) of the expression of this gene (Table 2) . Interestingly, the ADI operon 415 was also significantly induced (between 9 and 14 fold) in this Tn mutant suggesting that the 416 gene product of ef0676 may act as a transcriptional repressor of the ADI operon ( Figure S5) . 417
Of note, the expression of ef0102 and ef0103 genes was comparable between the clone 49 and 418 the ∆sodA mutant and vice versa, expression of ef0676 was not modified in the Tn mutants 419
(clones 50 and 56) with integration sites in between genes ef0102 and ef0103 (Table 2) . 420
Taken together, these results strongly suggest that the increase in expression of the ADI 421 operon is responsible for the increase of tolerance to vancomycin in the Tn mutants. We 422 reasoned therefore that inactivation of arginine catabolism should lead to a decrease of 423 tolerance to this antibiotic, although we could not exclude that the increased expression of the 424 
